Abstract. Activin A is a pleiotropic cytokine belonging to the transforming growth factor β superfamily. Abnormal expression of activin A is associated with tumorigenesis. Multiple myeloma is characterized by the development of osteolytic disease, which ultimately leads to cachexia. However, the involvement of activin A in myeloma cell viability and apoptosis remains to be fully elucidated. For this purpose, mouse myeloma NS-1 cells were treated with activin A, and subsequently subjected to 5-bromo-2'-deoxyuridine analysis, Hoechst 33342 staining, flow cytometry and western blot analysis. The results revealed that activin A significantly suppressed NS-1 cell viability, and induced NS-1 cell apoptosis. In addition, activin A-induced promotion of NS-1 cell apoptosis was accompanied by upregulated expression of BCL2 associated X, apoptosis regulator (Bax), but downregulated expression of B cell lymphoma-2 (Bcl-2), resulting in an increase of the Bax/Bcl-2 ratio. Furthermore, cytochrome c and caspase-3 protein expression also increased following treatment with activin A. These data suggest that activin A induces apoptosis in mouse myeloma NS-1 cells via the mitochondrial pathway, providing a novel insight into multiple myeloma treatment.
Introduction
Activin A, a homodimer of two inhibin βA subunits linked by disulphide, belongs to the transforming growth factor β (TGF-β) superfamily. It was initially isolated from porcine follicular fluid and is also known as follicle-stimulating hormone (FSH) releasing protein, due to its capacity to induce the release of FSH from the pituitary gland (1) . Subsequent research has demonstrated that activin A is involved in pleiotropic functions including inflammation, arterial pressure regulation, embryonic development and tumourigenesis (2) (3) (4) (5) . As with other TGF-β superfamily members, activin A functions through the serine/threonine kinase pathway. Activin A initially binds to activin type II receptors (ActRII), and then recruits activin type I receptors to phosphorylate and activate SMAD family member (Smad) 2/3 in the cytoplasm, with this being the common signaling molecule between activin and TGF-β (6) . The activated Smad2/3 forms a complex with Smad4 and then the complex is translocated into the nucleus, resulting in downstream target gene transcription to elicit biological effects, including cell differentiation, proliferation and apoptosis (7, 8) .
Activin A is known to modulate multiple types of cancer. It not only promotes the genesis and progression of certain tumors, but also inhibits tumorigenesis in other instances, depending on the cell types involved and other interacting pathways (6) . For example, activin A suppresses the proliferation of breast cancer cells and pituitary adenoma cells, while promoting the proliferation of ovarian carcinoma cells. Myeloma cells induce bone marrow stromal cells to secrete activin A, which in turn inhibits osteogenesis and induces osteolysis and cachexia (9) . However, the effects of activin A on myeloma cell viability and apoptosis remain unclear. Therefore, in the present study, the effects of activin A on viability and apoptosis in the mouse myeloma cell line NS-1 were investigated, and the mechanisms underlying activin A action were analyzed by examining the expression of apoptosis-associated proteins. 
Materials and methods

Reagents
RT-PCR.
Total RNA from NS-1 cells was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) in accordance with the manufacturer's protocol). cDNA synthesis was performed using a PrimeScript ® 1st Strand cDNA Synthesis kit (Takara Biotechnology Co., Ltd.) and the cDNA was amplified using Premix Taq™ (cat. no. R004A; Takara Biotechnology Co., Ltd.) with target gene-specific primers according to the manufacturers protocol. PCR was performed using the following reaction conditions: 94˚C for 30 sec (35 cycles), 55˚C for 20 sec (35 cycles), 72˚C for 40 sec (35 cycles) and final extension was 72˚C for 10 min. The primers were as follows: ActRIIA forward, 5'-ATT GGC CAG CAT CCA TCT CTT G-3' and reverse, 5'-GCC ACC ATC ATA GAC TAG ATT C-3'; ActRIIB forward, 5'-TGC TGA AGA GCG ACC TCA C-3' and reverse, 5'-AGC AGG TCC ACA TTG GTG AC-3'; GAPDH forward, 5'-GAT TGT TGC CAT CAA CGA CC-3' and reverse, 5'-GTG CAG GAT GCA TTG CTG AC-3'. GAPDH was used as a positive internal reference, and adding no cDNA to the PCR reaction system was regarded as a negative control. PCR products were subjected to 2% agarose gel electrophoresis with ethidium bromide at room temperature for 1 h. The specific bands were visualized using an ImageMaster VDS system (GE Healthcare Life Sciences, Little Chalfont, UK). Densitometric quantification of mRNA was normalized to the internal control GAPDH.
BrdU cell viability assay. NS-1 cells (2x10 4 cells/well) were seeded into 96-well culture plates in RPMI 1640 medium with 5% fetal bovine serum (cat. no. 04-001-1ACS; Biological Industries, Kibbutz Beit-Haemek, Israel) in 5% CO 2 at 37˚C. The cells were then treated with 0-20 ng/ml of activin A (2 µg/ml) for 24 h, followed by incubation with 10 µmol/l BrdU at 37˚C for 2 h. The supernatant was discarded, and 100 µl FixDenat per well was added and incubated for a further 30 min at room temperature. The supernatant was removed, 100 µl anti-BrdU-peroxidase working solution was added, and cells were incubated at 37˚C in the dark for 90 min. The cells were washed three times with PBS and substrate solution (100 µl per well) was added at room temperature for 10 min. Finally, 1 mol/l H 2 SO 4 25 µl was added, and the absorbance at 450 nm was detected to evaluate cell viability.
Hoechst 33342 staining. NS-1 cells (2x10
4 cells/well) were seeded into 96-well culture plates in RPMI 1640 medium with 5% fetal bovine serum, and treated with 10 ng/ml activin A for 24 h at 37˚C. The cells were washed three times with PBS and incubated with 50 µl Hoechst 33342 (100 µg/ml) at room temperature for 10 min. The cells were washed twice in PBS, and then cell morphology was observed under a fluorescence microscope (IX71) and photographed with a microscope digital camera system (Olympus Corporation, Tokyo, Japan).
Flow cytometry for cells apoptosis assay. NS-1 cells (1x10
6 cells/well) were seeded in 12-well culture plates in RPMI 1640 medium with 5% fetal bovine serum. Following treatment with 10 ng/ml of activin A at 37˚C for 24 h, NS-1 cells were collected and re-suspended in 100 µl fluorescence-activated cell sorting buffer, followed by the addition of 1 µl FITC-Annexin V and 1 µl 7-aminoactinomycin (7-AAD) at room temperature for 5 min in the dark. Then, the labeled cells were analyzed using flow cytometry (BD Calibur; BD Biosciences). Data were collected and analyzed with Cell Quest software (version 7.6; BD Biosciences) to obtain the percentage of fluorescence cells.
Western blotting. NS-1 cells (1x10
6 cells/well) were seeded into 12-well culture plates in RPMI 1640 medium with 5% fetal bovine serum. Following treatment with activin A at 37˚C for 12 h, cells were resuspended with PBS and harvested using centrifugation at 850 x g for 10 min at 4˚C, then lysed in protein lysis buffer (1% Nonidet P-40, 50 mmol/l Tris-HCl (pH 7.5), 150 mmol/l NaCl, 1 mmol/l NaF, 1 mmol/l phenylmethylsulfonyl fluoride, 4 µg/ml leupeptin and 1 µg/ml aprotinin) at 37˚C for 15 min, followed by vortex at room temperature for 15 min. The lysate was removed using centrifugation at 15,000 x g for 10 min at 4˚C, and protein (30 µg) were separated by SDS-PAGE (12% gel) and transferred onto a polyvinylidene difluoride membrane. Then, the membrane was blocked with 2% BSA (cat. no. B2064; Sigma-Aldrichl; Merck KGaA) for 1 h at room temperature and probed with mouse Bcl-2 antibodies (1:1,000 dilution), rabbit Bax antibodies (1:500 dilution), rabbit cleaved capase-3 antibodies (1:500 dilution), rabbit Cyt c antibodies (1:500 dilution) and mouse GAPDH antibodies (1:1,000) at 4˚C overnight. Following washing with 1x TBST with 0.1% Tween-20 three times, the membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG antibodies (1:160,000; cat. no. A0545; Sigma-Aldrich; Merck KGaA) or anti-mouse IgG antibodies (1:160,000; cat. no. A3682; Sigma-Aldrich; Merck KGaA) for 1 h at room temperature. Labeled proteins were detected using enhanced chemiluminescence reagents within the ECL-Plus with ImageQuant LAS 4010 kit (GE Healthcare Life Sciences) and analyzed using ImageJ software (v1.43, NIH USA). Protein levels were normalized to the internal control GAPDH.
Statistical analysis.
Experiments were repeated at least three times. All data were presented as the mean ± standard deviation. Statistical comparisons were performed using one-way analysis of variance, followed by the Scheffe's test. The statistical differences between two groups were determined using Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results
Expression of ActRIIA in NS-1 cells.
Activin A initially binds to ActRIIA or ActRIIB, and then activates downstream signaling molecules (10). To confirm whether activin A exerted an effect on NS-1 cells, ActRII mRNA expression was initially examined in NS-1 cells. The results of RT-PCR revealed that ActRIIA and ActRIIB mRNA expression were detectable in NS-1 cells (Fig. 1A) . Furthermore, flow cytometry results also demonstrated that ActRIIA protein was expressed on NS-1 cells (Fig. 1B) . These data suggested that activin A exerted an effect on NS-1 cells via binding ActRII.
Inhibitory effects of activin A on NS-1 cell viability.
In order to evaluate the biological functions of activin A, NS-1 cell viability was examined by BrdU assay. The results revealed that following treatment with activin A for 24 h, NS-1 cell viability was inhibited in a dose-dependent manner, compared with the untreated control group (Fig. 2) .
NS-1 cell apoptosis was induced by activin A.
In order to assess the effect of activin A on NS-1 cell apoptosis, NS-1 cellular morphology was first examined by Hoechst 33342 staining following treatment with activin A for 24 h. In the control group, the cells were uniform in size and round in shape. However, the morphology of cells treated with activin A was notably different in terms of size and shape, and the number of cells with nuclear condensation was visibly increased (Fig. 3A) . Furthermore, the flow cytometry results revealed that, following treatment with activin A for 24 h, the ratio of apoptotic NS-1 cells significantly increased compared with the control group (Fig. 3B) . These data indicated that activin A induced NS-1 cell apoptosis.
Expression levels of apoptosis-associated proteins in NS-1 cells treated with activin A.
Previous studies have revealed that activin A induces B cell apoptosis through the mitochondrial apoptosis pathway (11) . In the present study, the expression levels of the apoptosis-associated proteins Bcl-2, Bax, Cyt c and caspase-3 were examined by western blotting. The results revealed that activin A significantly upregulated Bax protein expression, while 5.0 ng/ml activin A treatment downregulated Bcl-2 protein expression, which resulted in an increased ratio of Bax/Bcl-2 (Fig. 4) . Activin A also increased the expression of Cyt c (at 2.5 and 5.0 ng/ml) and cleaved caspase-3 proteins (at 5.0 ng/ml; Fig. 4 ). These data suggested that activin A may induce NS-1 cell apoptosis through the mitochondrial apoptosis pathway.
Discussion
Activin A is a multifunctional factor of TGF-β superfamily that is most commonly involved in embryogenesis and gonadal hormone release (12, 13) . Activin A is also associated with the maintenance of neuron survival, induction of hepatocyte apoptosis, promotion of erythroid differentiation and dual regulation of macrophage activation (14) (15) (16) (17) . The involvement of activin A in the process of tumor genesis and progression has been previously reported (18) , and a significant increase of activin A in the serum of certain patients with colorectal adenocarcinoma has been observed (19) . However, the function of activin A in tumor progression is controversial. Activin A has been demonstrated to exert a primarily protective function, whereby it induces cell cycle arrest of patient-derived prostate cancer cells and non-invasive prostate cancer LNCaP cells. In contrast, activin A treatment resulted in an increase in proliferation of the more aggressive prostate cancer cell line, PC3, an apparent discrepancy (20) (21) (22) . The tumor suppressive function of activin A is also observed in breast cancer, but activing A promotes cell proliferation and invasion in head and neck squamous cell carcinoma, resulting in a poor prognosis (8) . Multiple myeloma is characterized by the development of osteolytic disease. Circulating activin A is elevated in patients with advanced multiple myeloma, which contributes to bone remodeling. Malignant plasma cells have been reported to induce the secretion of activin A by stromal cells, resulting in osteoblast inhibition and osteoclast stimulation in vitro and in vivo (9, 23, 24) . Although activin A seems to be implicated into the pathogenesis of myeloma bone disease, the direct effect of activin A on myeloma cell viability and apoptosis remains unclear.
Activin A is a dimeric, multifunctional cytokine, which is involved in a broad spectrum of functions associated with cell viability and apoptosis, and is also associated with tumor genesis and progression, aggressiveness and malignant degree (3, 4, 19) . In the present study, the effects of activin A on myeloma NS-1 cell viability and apoptosis were evaluated. Our data revealed that ActRIIA and ActRIIB were expressed in NS-1 cells, indicating that activin A exerts an effect on NS-1 cells. Moreover, the results showed that activin A significantly inhibited the viability of NS-1 cells in a dose-dependent manner. Hoechst 33342 staining revealed that the size of NS-1 cells was altered compared with controls, and the shape appeared irregular following treatment with activin A. In addition, the number of cells with nuclear condensation visibly increased. Furthermore, the results of flow cytometry and staining with AnnexinV-7-AAD revealed that the ratio of apoptotic NS-1 cells increased following administration of activin A, compared with untreated NS-1 cells. These data indicated that activin A inhibited NS-1 cell viability and induced apoptosis in NS-1 cells.
Apoptosis is recognized as a form of programmed cell death, characterized by nuclear fragmentation and the presence of apoptotic bodies. It is regulated by multiple genes, and serves an important function in the development and growth of normal adult tissues and the maintenance of homeostasis (25) . Signal transduction pathways associated with apoptosis include the mitochondrial pathway, death receptor pathway, and endoplasmic reticulum stress pathway, of which the mitochondrial pathway serves a vital function in apoptosis (26, 27) . The Bax/Bcl-2 ratio is the key factor that triggers the mitochondrial pathway of apoptosis, and when the ratio of Bax/Bcl-2 increases apoptosis is initiated (27) (28) (29) (30) . Bcl-2 and Bax proteins are located upstream of the mitochondrial apoptosis pathway and regulate the release of Cyt c, which is an important component of the mitochondrial electron transport chain. The release of Cyt c from the mitochondria is a key step in the induction of proteases downstream from caspase-3, to regulate cell survival or death. Previous studies have demonstrated that activin A induces B cell apoptosis through the mitochondrial pathway (11) , thus the effect of activin A on apoptosis-associated proteins of the mitochondrial pathway was evaluated in the present study. The results revealed that activin A significantly upregulated Bax protein expression, which resulted in an increase in the Bax/Bcl-2 ratio. Activin A also increased the cleaved capase-3 and Cyt c protein expression. These data suggest that activin A induces NS-1 cell apoptosis via the mitochondrial pathway.
In summary, activin A serves an important function in mouse myeloma NS-1 cell viability and apoptosis through the mitochondrial pathway, providing a potential future target for myeloma therapy.
